A left-to-right shunt is accompanied by an increased plasma and blood volume. Since this is likely realized through renin/ aldosterone-mediated salt and water retention, other body fluid compartments may be changed too. Therefore, we studied blood volume and body fluid compartments by a single-injection, triple-indicator dilution technique in nine 8-wk-old lambs with an aortopulmonary left-to-right shunt (55±3% of left ventricular output; mean±SEM) and in 11 control lambs, 2.5 wk after surgery. Systemic blood flow was maintained at the same level as in control lambs, but the aortic pressure of the shunt lambs was lower. Blood volume in shunt lambs was larger than in control lambs (110±6 vs. 84±7 ml/kg, P < 0.001) through an increase in plasma volume, which correlated significantly with the magnitude of the left-to-right shunt (r = 0.81, P < 0.01). Red blood cell volume was equal to that of control lambs. Evidence was obtained that the increase in plasma volume was induced by a transient increase in renin (8.0±2.2 vs.
Introduction
In the presence of a left-to-right shunt, a part of the cardiac output does not participate in the systemic circulation but recirculates into the lungs, which results in a decreased effective circulating blood volume, at least in the early phase ( 1 ) . One of the adaptations to a left-to-right shunt hence consists of an increase in blood volume as has been demonstrated in patients and dogs with arteriovenous fistulas (2, 3) . Although left-toright shunts caused by congenital heart defects lead to rather different hemodynamic situations than aortocaval left-to-right shunts, blood volume is also increased in children with left-toright shunts (4) . The increase in blood volume is realized through a plasma volume increase (4, 5) . This probably occurs through a transient increase in renin and aldosterone concentrations and sodium and water retention as observed in adult dogs with aortocaval fistulas (5, 6) . Although young infants may show a different hormonal reaction to circulatory stress (7, 8) , increased renin and aldosterone concentrations in infants and lambs with left-to-right shunts suggests a similar mechanism for plasma volume increase as in adults (9, 10) .
Increased aldosterone concentrations lead to isosmotic fluid retention, which may not only increase the plasma volume but also the interstitial fluid volume. Although changes in blood volume in children with left-to-right shunts have been documented (4) , little is known about the changes, if any, in other body fluid compartments. In dogs with aortocaval fistulas, edema frequently occurs, indicating that the hormonal changes not only lead to an increased plasma volume but also to an increased interstitial fluid volume (6, 11, 12) . Edema, however, is not frequently observed in children with left-toright shunts. In addition, we previously have not found a significant difference in body mass between shunt and control lambs (13) (14) (15) , suggesting either that no large increase in extracellular fluid volume occurs or that the increase in extracellular fluid volume is accompanied by a decrease in intracellular fluid volume. Renin/aldosterone-induced fluid retention, however, is not necessarily accompanied by an increase in both compartments of the extracellular fluid volume, as was demonstrated by the increased blood volume induced by chronic exercise training. The retained fluid is then kept in the vascular compartment through an increase in the total amount of plasma protein ( 16) .
We put forward the hypothesis that in lambs with an aortopulmonary left-to-right shunt the effective circulating blood volume is increased through an increase in plasma volume, and that the fluid retained by the kidneys is kept within the vascular compartment by an increase in intravascular protein, while no substantial changes in interstitial and intracellular fluid volume occur. To test our hypothesis we measured the body fluid compartments in lambs with and without an aortopulmonary left-to-right shunt, 2.5 wk after surgery. To evaluate the underlying mechanism we further measured plasma renin activity, aldosterone, and arginine-vasopressin and plasma protein concentrations. Because cardiac disease accompanied by inadequate systemic blood flow may also lead to plasma and interstitial volume expansion independent ofthe presence ofa left-toright shunt (5, (17) (18) (19) (20) , we determined arterial pH and blood gases, glomerular filtration rate, plasma urea, creatinin, and electrolytes in addition to hemodynamic parameters to assess circulatory status of the lambs (21, 22) .
Methods
We studied 20 6-8-wk-old lambs of mixed breed with documented dates of birth. They were divided into two groups: 9 lambs with an aortopulmonary left-to-right shunt and 11 lambs without a shunt. Until the day of study each lamb remained with its mother.
Surgical procedure. Surgical preparation, catheter care, and antibiotic administration were performed as described previously (13, 15) . In brief, after induction of halothane anesthesia, we performed a thoracotomy through the fourth intercostal space and sutured a Goretex® conduit (6 mm (23) . The indicators used were Evans blue, ferrocyanide, and deuterium oxide (D20), respectively (24) (25) (26) . On the day of study the lamb was weighed, brought to the experimental room, and put in a sling. A freshly prepared solution containing the three indicators was injected into the pulmonary artery. Blood samples (2-4 ml) were withdrawn from the aortic catheter just before and at 3, 6, 9, 12, 15, 20, 25, 30, 40, 50, 60, 75, 90, 105, 120, 135, 150, 165 ,and 180 min after the injection for determination of the concentration of the indicators. The sample withdrawn before the injection served for obtaining a blank reference value. Zero time was chosen half way between start and finish ofthe injection, which took -20 s. All blood was collected in dry-heparinized tubes. The hematocrit was determined in duplicate in the blood samples withdrawn before and at 20, 30, 40, 50 , and 60 min after the injection. Before the injection ofthe indicators, an additional 10 ml of blood was withdrawn from the aortic catheter for determination of plasma renin activity; plasma arginine vasopressin and aldosterone concentrations; plasma osmolality; and protein, electrolyte, creatinin, and urea concentrations. After the withdrawal of each blood sample an equal volume of saline (9 g/liter) was injected into the pulmonary artery to replace volume loss during the experiment; a total volume of 60 to 70 ml blood was withdrawn. Between the 150th and the 180th minute of the study we measured systemic and pulmonary blood flows and aortic, pulmonary, left and right atrial pressures. This was done at 5-min intervals. At 165 and 180 min we withdrew a blood sample (0.5 ml) from the aortic catheter for determination of hemoglobin concentration, pH, PCO2, P02, and plasma HCO-concentration. Since it has been shown in a recent study that changes in renin and aldosterone take place early after creation of a left-to-right shunt (6), we determined hormone concentrations on day 4 as well as at 2.5 wk after surgery in the last three shunt and two control lambs of our study. In one additional shunt and one control lamb hormones were also determined at day 4 after surgery, but measurements could not be obtained at 2.5 wk.
Measurements and calculations. The precalibrated electromagnetic flow transducers were connected to flow meters (Skalar MDL 400; Skalar Medical). Systemic and pulmonary blood flow of the shunt lambs were obtained from the pulmonary arterial and aortic flow transducer, respectively; the systemic blood flow of the control lambs was obtained from the aortic flow transducer (13) . Zero flow was obtained during diastole when the blood flow rate above the aortic and pulmonary valves is zero. The position ofthe aortic flow transducer was distal to the origin of the coronary arteries. To obtain total left ventricular output, the flow signal from the aortic transducer should be modified by adding the coronary blood flow (27) . In experiments with identically instrumented shunt and control lambs in our laboratory in which radioactive-labeled microspheres were used, we consistently found coronary blood flow to be 4% ofleft ventricular output, in the shunt as well as in the control lambs. On the basis ofthese findings we multiplied the aortic flow transducer signal by 1.04 to obtain total left ventricular output ( 15) . Heart rate was obtained from the blood flow signal. Aortic, pulmonary arterial, left atrial, and right atrial pressures were measured with pressure transducers (Gould P23 ID; Spectramed Inc., Oxnard, CA) referenced to atmospheric pressure with zero obtained with the pressure transducer at the right atrial level. All variables were recorded on an ink-jet recorder (Elema Mingograf 800; Siemens-Elema AB, Solna, Sweden). Left-to-right shunt flow was calculated by subtracting systemic blood flow from pulmonary blood flow. Left-to-right shunt fraction was obtained by dividing left-to-right shunt flow by pulmonary blood flow. Systemic vascular resistance was calculated as the difference between mean aortic and right atrial pressures divided by systemic blood flow. Similarly, pulmonary vascular resistance was calculated as the difference between mean pulmonary and left atrial pressures divided by pulmonary blood flow.
Hemoglobin concentration was determined in duplicate using arterial blood with a hemoxymeter (OSM2; Radiometer, Copenhagen, Denmark). pH, PCO2, P02, and plasma HCO-concentration were determined with a blood-gas analyzer (ABL-2; Radiometer). Hematocrit was determined by the microcapillary method. Total plasma protein concentration was determined spectrophotometrically (28) . Plasma osmolality was determined in duplicate with an osmometer (Osmomat 030; Gonotec, GmBH, Berlin, Germany); sodium and potassium concentrations were determined with a photometer (Flame Photometer IL343; Instrumentation Laboratory Inc., Lexington, MA); and the concentrations of chloride, urea, and creatinin were determined with an automatic chemical analyzer (ACA III; Du Pont Company, Clinical System Division, Wilmington, DE). Blood for measurement of plasma renin activity, plasma arginine-vasopressin, and aldosterone concentrations was collected in dry EDTA containing tubes and immediately centrifuged at 4VC, then stored at -20'C until determination by radioimmunoassay (29) . For plasma renin activity and plasma arginine-vasopressin, commercial kits were used (Rianen; DuPont Company, Billerica, MA, and Vasopressin Rapid; Buhlmann Laboratories A. G., Basel, Switzerland, respectively).
Total plasma protein was further subdivided into albumin and globulin fractions (a 1, a2, (3, and -y) by electrophoresis on cellulose acetate, using an automatic electrophoresis system (Haite 300; Olympus Optical Corp. Ltd., Tokyo, Japan) in duplicate and the average value for each lamb was calculated. Because we could not perform this determination in all the lambs of the present study, we performed additional measurements in similarly instrumented (eight shunt and seven control) lambs (30) .
Body fluid compartments and glomerular filtration rate. We injected into the lamb 1 ml/kg of a solution containing 0.4 mmol/liter
Evans blue (E. Merck, Darmstadt, Germany) and 100 mmol/liter sodium ferrocyanide (BDH Chemicals Ltd., Poole, England) in D20 99.8% (Uvasol; E. Merck). The exact amount ofeach indicator administered was calculated from density and mass of the solution injected, determined by weighing the syringe to the nearest 0.001 g before and after the injection. The solution was prepared shortly before injection to avoid formation of free cyanide.
After the experiment, all samples were centrifuged and plasma and red blood cells separately stored at -20°C until determination of the indicator concentrations. Concentrations of Evans blue, sodium ferrocyanide, and D20 were measured spectrophotometrically as described by Zweens and coworkers (24, 26, 31 ) . Evans blue concentration was determined in the samples that were withdrawn at 20, 30, 40, 50, and 60 min. A volume of 0.8 ml of polyethylene glycol (240 g/liter) was mixed with an equal volume of plasma to precipitate the nonalbumin 1746 plasma proteins that may interfere with the measurement ofthe Evans blue absorbance (24) . After 10 min the mixture was centrifuged at 7,000 g for 10 min and the absorbance of the supernatant measured against a similarly processed plasma blank at the wavelength of maximum absorbance (620 nm for lamb plasma) by means ofa spectrophotometer (model 100-40; Hitachi Ltd., Tokyo, Japan). The absorbances were converted to plasma concentrations of Evans blue by using a calibration line determined before each set of measurements.
Sodium ferrocyanide concentration was determined in all plasma samples. To 0.5 ml plasma, 4.5 ml ofa solution oftrichloric acetic acid (0.14 mol/liter) and perchloric acid (1.10 mol/liter) in H20 was added and well mixed. After 10 min the mixture was centrifuged for 10 min at 7,000g. To 4 ml ofthe supernatant was added I ml ofa solution of 5 g/liter FeSO4 and H2SO4 (90 mmol/liter) in H20, prepared at least I wk in advance (31 ) . After 25 min a blue color had developed (Prussian blue, Fe[Fe(CN)6f), which remained stable for 2 15 min, during which the absorbance of the solution was measured at 700 nm against a similarly treated plasma blank by means of a grating spectrophotometer (model CF4; Optica, Milan, Italy). The absorbances were converted to plasma concentrations of ferrocyanide by using a calibration line determined before each set ofmeasurements. For the determination of the extracellular fluid volume, the ferrocyanide concentration in plasma (Cp) was converted to the concentration in plasma water (Cpw), by correcting for the plasma protein volume using Eq. 1. Cp. = Cp 1,000/( 1,000 -0-75 * CTPP)
where CTP denotes total plasma protein concentration (g/liter) and 0.75 (ml/g) is the specific volume of plasma protein.
To determine the concentration of D20, 0. Plasma volume (Vp) was calculated with Eq. 2.
where mi denotes the exact amount of indicator injected, and COP the plasma concentration of the indicator at time zero. COP was obtained by extrapolation, assuming mono-exponential elimination (24):
where a was obtained from the linear regression equation ofthe monoexponential tail ofthe log plasma Evans blue concentration versus time curve, between 20 and 60 min after the injection ofthe indicator (Fig.  1 ) . Similarly, total body water volume (Vbw) was calculated with Eq. 4: Because the elimination time of ferrocyanide, the indicator for the extracellular fluid volume, is short relative to the equilibration time over its distribution space, the multiexponential character ofthe disap- pearance curve must be taken into account in calculating the concentration at time zero (25) . For the concentration-time curve Eq. 5 was assumed to be valid:
The coefficients and exponents ofthe distinct components ofthe disappearance curve, A, a, B,B6, C, and y were obtained by means of curve stripping of the log plasma water ferrocyanide concentration versus time curve into three, rarely two, exponential curves (Fig. 1) , and the extracellular fluid volume (VOX ) was calculated by means of Eq. 6 (23, 25) . 
where Vb denotes blood volume, V, is the plasma volume, and H is the percent hematocrit. The factor 0.92 accounts for the difference between the central and peripheral hematocrit (32 
Results
There was no significant difference in body mass between the two groups of lambs (13.5±1 vs. 13.2±1 kg). Although there was no selection for either the shunt or the control group, the shunt lambs were older than the control lambs (58±3 vs. 43±3 d; P < 0.01 ). The left-to-right shunt led to significant hemodynamic differences between both groups (Table I) , which were similar to those previously reported from our laboratory (13) (14) (15) . Pulmonary blood flow in the shunt lambs was substan- tially larger than in the control lambs. Despite the runoff of 55% ofleft ventricular output to the pulmonary circulation, the shunt lambs were able to maintain their systemic blood flow at the same level as the control lambs. This was predominantly accomplished through a considerably increased left ventricular stroke volume. The left-to-right shunt led to a substantial increase in pulmonary arterial and left atrial pressures. Right atrial pressure in the shunt lambs was also considerably higher than in the control lambs. Aortic pressures in the shunt lambs were significantly lower than in the control lambs. Systemic vascular resistance was also lower in the shunt than in the control lambs. Plasma volume was 36% larger in shunt than in control lambs (Table II) . There was a significant correlation between the left-to-right shunt and the plasma volume (Fig. 2) . Furthermore, there proved to be a significant relationship between plasma volume and left ventricular stroke volume (Fig. 3) . Because of the larger plasma volume and the equal red blood cell volume in shunt and control lambs, the blood volume of the shunt lambs was also significantly larger than in control lambs; the hematocrit and hemoglobin concentration of the shunt lambs were lower than in the control lambs (Table II) . Because ofthe increased plasma volume, the extracellular fluid volume ofthe shunt lambs was also higher, whereas interstitial volume was not significantly different from that of control lambs. Although the intracellular fluid volume was not significantly different in both groups, total body water volume tended to be higher in shunt than in control lambs, because of the increased extracellular fluid volume, but this did not reach statistical significance.
There was no significant difference in plasma protein concentration between the two groups. Total intravascular protein mass of the shunt lambs, however, was substantially higher than that of control lambs (Table III) . Plasma protein escape rate was similar in the two groups (Table III) . Plasma osmolality, plasma sodium, potassium, chloride, urea, creatinin concentrations, and blood gas values were not different between the two groups and there was no significant difference in glomerular filtration rate between shunt and control lambs (Table  III) . The higher protein mass was not accompanied by a substantial change in plasma protein subdivision, except for a small but significant increase in a2 globulin fraction in shunt lambs as was determined in eight shunt and seven control lambs from our laboratory (Table IV) . Plasma albumin/glo- Data are mean±SEM. Shunt n = 9, control n = 11. * Significant difference between shunt and control lambs.
bulin ratio was not significantly different either between shunt and control lambs: 1.13+0.07 vs. 1.37±0.14, respectively. Plasma renin activity of the shunt lambs measured at 2.5 wk after surgery was significantly higher than in control lambs: 8.0±2.2 vs. 1.6±0.2 nmol * 1 -I -h' . The higherplasma aldosterone concentration did not reach statistical significance: 0.51±0.14 vs. 0.24±0.09 nmol/liter, P = 0.11. Because it has recently been demonstrated that the changes in renin and aldosterone are transient and may take place within the first week after creation of the shunt (6), we measured the activity of these hormones and of arginine-vasopressin at day 4 as well as at 2.5 wk after surgery in some lambs. Early (4 d) after creation of the shunt, plasma renin activities and plasma aldosterone concentrations of the shunt lambs were -10-fold higher than in than in control lambs (Fig. 4) . This difference did not reach statistical significance, probably because of the small numbers Significant difference between days 4 and 17 after surgery in one group, *Significant difference between shunt and control lambs at corresponding times. Renin conversion factor nmol * 1-' -h -to ng-ml-' * h-: x0.46; aldosterone conversion factor nmol/liter to pg/ml: X360.
in these subgroups. In the shunt lambs, both plasma renin activities and plasma aldosterone concentrations decreased significantly with time (Fig. 4) . In control lambs only a small decrease in plasma renin activity occurred, whereas plasma aldosterone concentration did not change significantly between day 4 and 2.5 wk. When all plasma renin activities and aldosterone concentrations of the shunt lambs are plotted against the number of days after surgery, including the early determinations, a significant negative correlation is observed for plasma renin activity (r = -0.78, P < 0.01, y = 47(±10) -2.2(±0.6) x nmol -I h-', residual variance: 171) as well as for plasma aldosterone concentration (r = -0.71, P < 0.02, y = 3.0( ±0.7) -0. 14(±0.05) -x nmol/liter, residual variance 1.0).
Arginine-vasopressin concentrations were not significantly different between the two groups at 2.5 wk after surgery: 8.0±1.3 vs. 7.4±1.3 ng/liter, nor did significant differences exist between early and late after surgery or a correlation with the number of days after surgery.
Discussion
Our data show that blood volume is increased in lambs with an aortopulmonary shunt. This is realized by an increase in plasma volume, whereas the red blood cell volume is unchanged. As a consequence, the hemoglobin is diluted. The adaptation to the left-to-right shunt, an increase in blood volume, thus is similar to that observed in mature dogs with aortocaval left-to-right shunts and humans with arteriovenous fistulas (2, 3) and may serve to compensate for the effects of a too low circulating blood volume on cardiac performance. In dogs with acute left-to-right shunts cardiac performance was shown to be limited by blood volume, although no blood was lost (35) . Opening of a large aortocaval fistula led to an increase in left ventricular output, but effective systemic blood flow fell below control values because the increase in left ventricular output was not large enough to compensate for the shunt flow. Subsequent infusion of saline solution led to a further increase in left ventricular output so that the shunt flow could be compensated for and systemic blood flow returned to control values, whereas the left-to-right shunt flow did not change. These experiments in dogs suggest that retention of fluid to increase plasma and blood volume is useful for enhancing left ventricular performance in subjects with large left-to-right shunts. In fact, this did occur in the shunt lambs of the present study: there even was a clear relationship between the magnitude of the stimulus (magnitude of the left-to-right shunt) and the response (plasma volume increase) (Fig. 2) . Moreover, there proved to be a significant relationship between plasma volume and left ventricular stroke volume (Fig. 3) , demonstrating the relevance of the adaptation for cardiac function in the shunt lambs.
As expected from studies in mature individuals with left-toright shunts, the mediator of the increase in plasma volume in the shunt lambs is a transient increase in renin activity and aldosterone concentration that is accompanied by a transient retention of sodium and water (6, 36) . That the higher aldosterone concentration in the shunt compared to the control lambs did not reach statistical significance was probably due to the original design of our study, which included measurement of the hormone concentrations at 17±1 d after creation of the left-to-right shunt, simultaneously with the measurement of the body fluid compartments. However, regression analysis, including early measurements at day 4, revealed a significant negative correlation between plasma renin activity as well as aldosterone concentration with time after opening of the leftto-right shunt, which demonstrates that the renin and aldosterone response ofthe lambs to the opening of an aortopulmonary left-to-right shunt follows the same pattern as found in adult dogs with aortocaval shunts (6) . Although a low blood volume and a decrease in aortic blood pressure are strong stimuli for arginine-vasopressin release (37) , no difference in plasma arginine-vasopressin concentration or its relation with time after creation of the shunt was found between shunt and control lambs. It may be that the arginine-vasopressin release is inhibited by the increased left atrial pressure (37) or only plays a part immediately after opening of a left-to-right shunt.
One would expect that an isosmotic water retention that results from an increase in aldosterone concentration, for which the equal osmolalities in the two groups give evidence, leads to an increase in both subcompartments ofthe extracellular fluid volume. In the shunt lambs, however, only the plasma volume is increased whereas the interstitial volume is not significantly different from that in the control lambs. This specific increase in plasma volume in the shunt lambs is realized by an increased plasma protein mass, which keeps the retained water within the vascular compartment. Since 1 g of protein binds -15 ml of water (38) , the 1.5 g/kg increase in intravascular protein mass matches the 22 ml/kg increase in plasma volume.
The mechanism for the increase in intravascular protein mass could be an increased protein production by the liver or a shift of protein from the extravascular to the intravascular compartment. The latter occurs in pregnancy, which is also a state of decreased peripheral vascular resistance, activated renin-aldosterone system, and increased plasma volume (5). During pregnancy protein production is suppressed by the increased estrogen and progesterone concentrations (39) . A shift ofprotein from the extravascular to the intravascular compartment allows for an increase in transcapillary colloid osmotic pressure difference and thus for an increase in plasma volume. Although this mechanism is possible during the early time after opening ofthe left-to-right shunt, it is not likely the cause ofthe increased intravascular protein mass at 2.5 wk after surgery because the new equilibrium over the microvascular wall would have been reached at a plasma protein concentration lower than that prevailing before the volume expansion set in. In addition, an extra-to intravascular protein shift would have been accompanied by an increased transcapillary colloid osmotic pressure difference, leading to a larger increase in plasma volume than that caused by an isolated 1.5 g/kg intravascular protein increase. Moreover, an increased intra-to extravascular protein difference would require increased lymph flow to maintain this increased protein gradient (40, 41 ) and we have no evidence for that because protein escape rate is not different between shunt and control lambs.
More likely, the increased intravascular protein mass results from increased albumin and globulin production in the liver as a result of the decrease in colloid osmotic pressure accompanying the initial aldosterone-induced H20 retention (42) . A similar course of events has been reported for humans during 8 d ofheavy exercise training ( 16) . In this study a ninefold increase in plasma renin activity and arginine-vasopressin concentration induced Na' and H20 retention, which was retained intravascularly by a progressive increase in plasma albumin content. In persons subjected to longer periods oftraining, albumin as well as liver-produced globulins (a, fA) are increased (38, 43) . Similar to in our lambs, this is not accompanied by a substantial change in plasma protein profile, as deduced from albumin/globulin ratio ( 1.8 vs. 2.0, athletes vs. sedentary subjects), although a2 globulin fraction is higher than in sedentary subjects (38) .
Cardiac disease with decreased myocardial performance, in absence ofa left-to-right shunt, may also lead to fluid retention, increased extracellular fluid volume, and increased cardiac filling pressures (5, (17) (18) (19) (20) . In our shunt lambs classical symptoms and signs of congestive heart failure were present: tachycardia, increased atrial filling pressures, hepatomegaly (37% increase in liver weight compared with controls) (30), respiratory distress (as deduced from the 71% increase in diaphragmatic blood flow) (30) , and increased atrial natriuretic factor (422±77 vs. 85±14 ng/liter) (30) . However, we do not think that they are signs of an impairment of myocardial performance. This is concluded not only from the fact that systemic blood flow could be maintained at the same level as in control lambs without reduction in renal blood flow (30) or disturbances in blood gas values or renal function, but also from data of exercise studies in similar shunt lambs. During maximum exercise, left ventricular output was increased to a significantly higher level than in control lambs (448±27 vs. 359±23 ml * mind -' kg-l) ( 15) .
With regard to the clinical setting, our study demonstrates that, in the first weeks of a manifest aortopulmonary left-toright shunt, fluid retention leading to increased blood volume seems to be a good adaptation because it increases stroke volume and thus contributes to maintaining an adequate systemic blood flow. The increased blood volume, however, will result in higher filling pressures and therefore in signs of venous congestion, such as respiratory distress and hepatomegaly. Later on, interstitial fluid may increase, which may show as edema. Usually the signs ofvenous congestion are suppressed by giving diuretics to decrease the (suspected) excess interstitial fluid. Other studies have demonstrated that administration of diuretics does not decrease plasma volume (44, 45) . If this also applies to individuals with left-to-right shunts, it would imply that the increase in blood volume is not disturbed by diuretic treatment. Beside diuretics, digoxin is quite often used in children with signs of circulatory congestion resulting from large left-to-right shunts in order to increase left ventricular output and thus systemic blood flow (46) . However, only a small percentage of these children show a positive inotropic response (46) , which may be due to the fact that contractility is usually high in newborns (47) . The results ofour study suggest that the administration ofconcentrated albumin solution could be beneficial because it supports the physiological adaptation. However, it would probably also increase cardiac filling pressures and consequently atrial natriuretic factor concentration. Recent studies have shown that increased concentrations ofatrial natriuretic factor shift proteins from the intravascular to the interstitial compartment (48) . This counteracts the initial adaptation and could be a factor in the initiation ofedema formation. In addition, increased filling pressures increase wall stress and hence could increase myocardial°2 demand. Thus further studies examining the administration of concentrated albumin solution in combination with diuretics are needed to assess the hypothesized beneficial effects on systemic blood flow and possible unwanted side effects to determine optimal supportive therapy in case of a substantial left-to-right shunt.
In conclusion, blood volume in lambs with an aortopulmonary shunt is increased through an expansion of plasma volume at 2.5 wk after creation of the left-to-right shunt. The plasma volume increase is closely related to the magnitude of the left-to-right shunt flow and probably forms a compensation for the shunt-induced decrease in effective circulating blood volume. There were no signs of impairment of cardiac function. Furthermore, our data demonstrate that the plasma volume increase is realized by an early, transient increase in renin and aldosterone concentrations. Through an increase in the total amount of plasma protein the retained fluid is kept in the intravascular compartment so that interstitial volume does not increase.
